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We propose a viable model based on the SU(3)C × SU(3)L × U(1)X gauge group supplemented
by the S4 family symmetry and other auxiliary cyclic symmetries, whose spontaneous breaking
gives rise to the observed pattern of SM fermion masses and mixing angles. In the proposed model
the small light active neutrino masses are generated from a linear seesaw mechanism mediated by
three Majorana neutrinos. The model is capable of reproducing the experimental values of the
physical observables of both quark and lepton sectors. Our model is predictive in the quark sector
having 9 effective parameters that allow to successfully reproduce the four CKM parameters and
the six Standard Model (SM) quark masses. In the SM quark sector, there is particular scenario,
motivated by naturalness arguments, which allows a a good fit for its ten observables, with only six
effective parameters. We also study the single heavy scalar production via gluon fusion mechanism
at proton-proton collider. Our model is also consistent with the experimental constraints arising
from the Higgs diphoton decay rate.
Keywords: Extensions of electroweak gauge sector, Extensions of electroweak Higgs sector, Electroweak radiative
corrections, Neutrino mass and mixing
1. INTRODUCTION
Although the Standard Model (SM) is a very well established quantum field theory highly consistent with the exper-
imental data, it has several unexplained issues. For instance, the current pattern of SM fermion masses and mixing
angles, the number of SM fermion families, the tiny values of active neutrino masses are some of the issues that do
not find an explanation within the context of the SM. The pattern SM fermion mass hierarchy is spanned over a
range of 13 orders of magnitude from the light active neutrino mass scale up to the top quark mass. In addition, the
experimental data shows that the quark mixing pattern is significantly different from the leptonic mixing one. In the
quark sector, the mixing angles are small, thus implying that the Cabbibo-Kobayashi-Maskawa (CKM) quark mixing
matrix close to the identity matrix. On the other hand, two of the leptonic mixing angles are large and one is small, of
the order of the Cabbibo angle, thus implying a Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing matrix
very different from the identity matrix. This is the so called flavor puzzle, which is not addressed by the SM and
motivates to consider theories with augmented particle content and extended symmetries introduced to explain the
current SM fermion mass and mixing pattern.
Theories with an extended SU(3)C × SU(3)L × U(1)X gauge symmetry [1–48] (3-3-1 models) are used to explain
the origin of the three family structure in the fermion sector, which is left unexplained in the SM. In these models,
the chiral anomaly cancellation condition is fulfilled when there are equal number of SU(3)L fermionic triplets and
antitriplets, which occurs when the number of fermion families is a multiple of three. In addition, when the chiral
anomaly cancellation condition is combined with the asymptotic freedom in QCD, models based on the SU(3)C ×
SU(3)L × U(1)X gauge symmetry predict the existence of three fermion families. Furthermore, the large mass
difference between the heaviest quark and the two lighter ones can be explained in 3-3-1 models due to the fact
that the third family is treated under a different representation than the first and second ones. Furthermore, the
3-3-1 models explain the quantization of the electric charge [49, 50], have sources of CP violation [51, 52], have a
natural Peccei-Quinn symmetry, which solves the strong-CP problem [53–56], predict the limit sin θ2W <
1
4 , for the
weak mixing parameter. Besides that, if one includes heavy sterile neutrinos in the fermionic spectrum of the 3-3-1
models, such theories will have cold dark matter candidates as weakly interacting massive particles (WIMPs) [57–60].
A concise review of WIMPs in 3-3-1 Electroweak Gauge Models is provided in Ref. [61]. Finally, if one considers
3-3-1 Electroweak Gauge Models with three right handed Majorana neutrinos and without exotic charges, one can
implement a low scale linear or inverse seesaw mechanism, useful for generating the tiny active neutrinos masses.
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2In this work, motivated by the aforementioned considerations, we propose an extension of the 3-3-1 model with right
handed Majorana neutrinos, where the scalar spectrum is enlarged by the inclusion of several gauge singlet scalars.
Our model successfully explains current SM fermion mass spectrum and fermionic mixing parameters. In the proposed
model, the SU(3)C×SU(3)L×U(1)X gauge symmetry is supplemented by the S4 family symmetry and other auxiliary
cyclic symmetries, whose spontaneous breaking produces the current pattern of SM fermion masses and mixings. In
the model under consideration, the masses for the Standard Model charged fermions lighter than the top quark are
produced by a Froggatt-Nielsen mechanism and the tiny masses for the light active neutrinos are generated by a linear
seesaw mechanism. We use the S4 family symmetry since it is the smallest non abelian group having a doublet, triplet
and singlet irreducible representations, thus allowing to naturally accommodate the three fermion families of the SM.
It is worth mentioning that the S4 discrete group [10, 62–83] has been shown to provide a nice description for the
observed pattern of SM fermion masses and mixing angles.
The layout of the remainder of the paper is as follows. In section 2 A we describe the proposed model, its symmetries,
particle content and Yukawa interactions. The gauge sector of the model is described in section 2 B, whereas its low
energy scalar potential is presented in section 2 C. In section 3 we discuss the implications of our model in the quark
mass and mixing pattern. In Section 4, we present our results on lepton masses and mixing. The implications of
our model in the Higgs diphoton decay rate are discussed in section 5. The production of the heavy H1 scalar at
proton-proton collider is discussed in Section 6. We conclude in section 7. Appendix A provides a description of the
S4 discrete group. Appendices B and C present a discussion of the scalar potentials for a S4 scalar doublet and S4
triplet, respectively.
2. THE MODEL.
A. Particle content
We consider an extension of the 3-3-1 model with right handed Majorana neutrinos, where the SU(3)C ⊗ SU(3)L ⊗
U(1)X gauge symmetry is supplemented by the S4×Z3×Z12×Z16 discrete group and the scalar sector is enlarged by
the inclusion of several gauge singlet scalars, which are introduced to generate viable textures for the fermion sector
that successfully explain the current pattern of SM fermion masses and mixing angles. The scalar and fermionic
content with their assignments under the SU(3)C ×SU(3)L×U(1)X ×S4×Z3×Z12×Z16 group are shown in Tables
I and II, respectively. The dimensions of the SU(3)C , SU(3)L and S4 representations shown in Tables I and II are
specified by the numbers in boldface and the different U(1)X and ZN charges are written in additive notation. It is
worth mentioning that a field ψ transforms under the ZN symmetry with a corresponding qn charge as: ψ → e 2piiqnN ψ,
n = 0, 1, 2, 3 · · ·N − 1. We choose the S4 symmetry since it is the smallest non abelian group having doublet, triplet
and singlet irreducible representations, thus allowing us to naturally accommodate the three families of the SM left
handed leptonic fields into a S4 triplet, the three gauge singlet right handed Majorana neutrinos into one S4 singlet
and one S4 doublet, the three right handed SM down type quarks into a S4 singlet and a S4 doublet and the remaining
fermionic fields as S4 singlets. In addition, the S4, Z3 and Z12 symmetries shape the textures of the SM fermion mass
matrices thus yielding a reduction of the model parameters, especially in the SM quark sector. In addition, the Z3
symmetry separates the S4 scalar triplets (Φ, Ξ, Ω) participating in the charged lepton Yukawa interactions, from the
ones (ζ, Σ, S) appearing in the neutrino Yukawa terms. The Z16 symmetry shapes the hierarchical structure of the SM
fermion mass matrices crucial to yield the observed SM fermion mass and mixing pattern. In our model, the masses
of the Standard Model charged fermions lighter than the top quark arise from a Froggatt-Nielsen mechanism [84],
triggered by non renormalizable Yukawa interactions invariant under the different discrete group factors. Thus, the
current pattern of SM fermion masses and mixing angles arises from the spontaneous breaking of the S4×Z3×Z12×Z16
discrete group. The masses of the light active neutrinos are generated from a linear seesaw mechanism, which can be
implemented in our model because the third component of the SU (3)L leptonic triplet is electrically neutral and the
fermionic spectrum includes three right handed Majorana neutrinos. In addition, the non SM fermions in our model
do not have exotic electric charges. Consequently, the electric charge is defined as:
Q = T3 + βT8 +XI = T3 − 1√
3
T8 +XI, (2.1)
with I = diag(1, 1, 1), T3 =
1
2diag(1,−1, 0) and T8 = ( 12√3 )diag(1, 1,−2) for a SU(3)L triplet.
3In our model the full symmetry G experiences the following three-step spontaneous breaking:
G = SU(3)C × SU (3)L × U (1)X × S4 × Z3 × Z12 × Z16
Λint−−−→
SU(3)C × SU (3)L × U (1)X
vχ−→
SU(3)C × SU (2)L × U (1)Y
vη,vρ−−−→
SU(3)C × U (1)Q , (2.2)
where the different symmetry breaking scales satisfy the following hierarchy Λint  vχ  vη, vρ, with v2η + v2ρ = 246
GeV. The first step of spontaneous symmetry breaking is triggered by all gauge singlet scalars (excepting ζ), charged
under the discrete symmetries, assumed to acquire vacuum expectation values (VEVs) at a very large energy scale
Λint  vχ ∼ O(10) TeV. The second step of spontaneous symmetry breaking is caused by the SU(3)L scalar triplet
χ, whose third component acquires a 10 TeV scale vacuum expectation value (VEV) that breaks the SU(3)L×U(1)X
gauge symmetry, thus providing masses for the exotic fermions, non Standard Model gauge bosons and the heavy
CP even neutral scalar state of χ. We further assume that the S4 triplet gauge singlet scalar ζ acquires a VEVs at
the same scale of vχ. Finally, the remaining two SU(3)L scalar triplets η and ρ, whose first and second components,
respectively, get VEVs at the Fermi scale, thus producing the masses for the SM particles and for the physical neutral
scalar states arising from those scalar triplets. Here we are considering that the SU(3)L × U(1)X gauge symmetry is
spontaneously broken at a scale of about 10 TeV in order to comply with collider constraints [85] as well as with the
constraints arising from the experimental data on K, D and B meson mixings [86] and from the Bs,d → µ+µ− and
Bd → K∗(K)µ+µ− decays [9, 87–90].
The SU(3)L triplet scalars χ, η and ρ can be expanded around the minimum as follows:
χ =
 χ01χ−2
1√
2
(vχ + ξχ ± iζχ)
 , η =
 1√2 (vη + ξη ± iζη)η−2
η03
 , ρ =
 ρ+11√
2
(vρ + ξρ ± iζρ)
ρ+3
 . (2.3)
The SU(3)L fermionic antitriplets and triplets are represented as:
QnL =
 Dn−Un
Jn

L
, Q3L =
U3D3
T

L
, LiL =
νiei
νci

L
, n = 1, 2, i = 1, 2, 3. (2.4)
χ η ρ σ1 σ2 ξ ∆ Θ Φ Ξ Ω ζ Σ S
SU(3)C 1 1 1 1 1 1 1 1 1 1 1 1 1 1
SU(3)L 3 3 3 1 1 1 1 1 1 1 1 1 1 1
U(1)X − 13 − 13 23 0 0 0 0 0 0 0 0 0 0 0
S4 1 1 1 1 1
′ 2 2 2 3 3 3 3 3′ 3′
Z3 0 0 0 0 0 0 0 0 1 1 1 0 0 0
Z12 0 0 0 −3 1 −5 −4 −2 1 1 1 −2 0 0
Z16 0 0 0 −1 −1 −2 −1 −1 0 0 0 0 0 1
Table I: Scalar assignments under SU(3)C × SU(3)L × U(1)X × S4 × Z3 × Z12 × Z16.
With the particle content shown in Tables I and II, the following relevant Yukawa interactions for both quark and
lepton sectors arise:
−L(q)Y = y(T )Q3LχTR + y(U)33 Q3LηU3R + y(U)13 Q1Lρ∗U3R
σ41
Λ4
+ y
(U)
22 Q2Lρ
∗U2R
σ41
Λ4
+ y
(U)
11 Q1Lρ
∗U1R
σ82
Λ8
+y
(J)
1 Q1Lχ
∗J1R + y
(J)
2 Q2Lχ
∗J2R + y
(D)
3 Q3Lρ (ΘDR)1
σ22
Λ3
+ y
(D)
2 Q2Lη
∗ (∆DR)1
σ42
Λ5
+ y
(D)
4 Q1Lη
∗ (ξDR)1
σ52
Λ6
+y
(D)
1 Q1Lη
∗D1R
σ72
Λ7
+H.c, (2.5)
4Q1L Q2L Q3L U1R U2R U3R D1R DR TR J1R J2R LL e1R e2R e3R N1R NR
SU(3)C 3 3 3 3 3 3 3 3 3 3 3 1 1 1 1 1 1
SU(3)L 3
∗ 3∗ 3 1 1 1 1 1 1 1 1 3 1 1 1 1 1
U(1)X 0 0
1
3
2
3
2
3
2
3
− 1
3
− 1
3
2
3
− 1
3
− 1
3
− 1
3
−1 −1 −1 0 0
S4 1 1 1 1 1 1 1
′ 2 1 1 1 3 1 1 1 1′ 2
Z3 0 0 0 0 0 0 0 0 0 0 0 0 −1 −1 −1 0 0
Z12 0 0 0 4 0 0 5 0 0 0 0 −1 2 −6 −4 −1 −1
Z16 −4 −2 0 4 2 0 3 3 0 −4 −2 0 8 4 2 0 −1
Table II: Fermion assignments under SU(3)C × SU(3)L × U(1)X × S4 × Z3 × Z12 × Z16.
−L(l)Y = x(L)1
(
LLρΦ
)
1
e1R
σ82
Λ9
+ x
(L)
2
(
LLρΞ
)
1
e1R
σ82
Λ9
+ x
(L)
3
(
LLρΩ
)
1
e1R
σ82
Λ9
+y
(L)
1
(
LLρΦ
)
1
e2R
σ42
Λ5
+ y
(L)
2
(
LLρΞ
)
1
e2R
σ42
Λ5
+ y
(L)
3
(
LLρΩ
)
1
e2R
σ42
Λ5
+z
(L)
1
(
LLρΦ
)
1
e3R
σ22
Λ3
+ z
(L)
2
(
LLρΞ
)
1
e3R
σ22
Λ3
+ z
(L)
3
(
LLρΩ
)
1
e3R
σ22
Λ3
+ yρεabc
(
L
a
L
(
LCL
)b)
3
(ρ∗)c
ζ
Λ
+y
(L)
1χ
(
LLΣ
)
1′ χN1R
1
Λ
+ y
(L)
2χ LLχ (SNR)3
1
Λ
+ y
(L)
1η
(
LLΣ
)
1′ ηN1R
1
Λ
+ y
(L)
2η LLη (SNR)3
1
Λ
+H.c (2.6)
As shown in detail in Appendices B and C, the following VEV configurations for the S4 scalar doublets and S4 scalar
triplets are consistent with the scalar potential minimization equations for a large region of parameter space:
〈ξ〉 = vξ (0,−1) , 〈∆〉 = v∆√
5
(2, 1) , 〈Θ〉 = vΘ (1, 0) , 〈Φ〉 = vΦ (−1, 1, 1) , 〈Ξ〉 = vΞ√
2
(1,−1, 1) ,
〈Ω〉 = vΩ√
2
(1, 1,−1) , 〈ζ〉 = vζ√
1 + c2
(1, 0, c) , 〈Σ〉 = vΣ√
3
(1,−1, 1) , 〈S〉 = vS√
3
(1, 1, 1) . (2.7)
Furthermore, since the breaking of the S4×Z3×Z12×Z16 discrete group gives rise to the charged fermion mass and
quark mixing pattern, we set the VEVs of the SU(3)L singlet scalar fields with respect to the Wolfenstein parameter
λ = 0.225 and the model cutoff Λ, as follows:
vη ∼ vρ << vζ ∼ vχ << v∆ ∼ vΦ ∼ vΞ ∼ vΩ ∼ vξ ∼ vΘ ∼ vΣ ∼ vS ∼ vσn ∼ Λint = λΛ, n = 1, 2. (2.8)
where the model cutoff Λ can be interpreted as the scale of the UV completion of the model, e.g. the masses of
Froggatt-Nielsen messenger fields.
B. The gauge sector
The gauge bosons associated with the group SU(3)L with β = −1/
√
3 are given by:
Wµ = W
α
µGα
=
1
2
W
3
µ +
1√
3
W 8µ
√
2W+µ
√
2K0µ√
2W−µ −W 3µ +W 8µ
√
2K−µ√
2K
0
µ
√
2K+µ − 2√3W 8µ
 (2.9)
where Gα (α = 1, 2, 3) are the Gell-Mann matrices. In addition, for β = − 1√3 the charges Q for each field are:
QW =
 0 1 0−1 0 −1
0 1 0
 (2.10)
The gauge field associated with the U(1)X gauge symmetry has QB = 0 charge and is represented by:
Bµ = I3×3Bµ (2.11)
5In 331 models, three gauge fields have Q = 0 and combine to form the photon as well as the Z and Z ′ gauge bosons.
Furthermore, there are two gauge fields with Q = ±1 (W±) and four exotic fields W ′±, K0, K0.
The covariant derivative in 331 models reads:
Dµ = ∂µ + igW
α
µGα + ig
′XΦBµ (2.12)
Replacing (2.12) in the scalar kinetic interactions give rise to the gauge boson mass terms as well as to the interactions
between the scalar and gauge bosons [91]:
LK =
∑
Φ=η,ρ,χ
(DµΦ)†(DµΦ)
=
∑
Φ=η,ρ,χ

(1)︷ ︸︸ ︷
(∂µΦ)†(DµΦ) + (DµΦ)†(∂µΦ)−(∂µΦ)†(∂µΦ) +
(2)︷ ︸︸ ︷
Φ†(gWµ + g′XΦBµ)†(gWµ + g′XΦBµ)Φ
 , (2.13)
This expression can be useful to get from (1) the couplings among gauge fields and the derivatives of the scalar fields,
from which one can get information about each would-be Goldstone boson coupling to the corresponding massive
gauge boson. Furthermore, from (2) one can get the gauge boson masses and its couplings with the physical Higgs
fields.
The entries of the squared mass matrices for gauge bosons arise from the relation:
M2ViVj =
∂2LK
∂Vi∂Vj
, (2.14)
where for the charged gauge bosons Vi = W
±,W ′±, whereas for the neutral ones Vi = W 3,W 8, B,K
0
,K0. The
squared gauge bosons mass matrices are:
M2charged =
(
1
8g
2ν2η +
1
8g
2ν2ρ 0
0 18g
2ν2ρ +
1
8g
2ν2χ
)
(2.15)
M2neutral =

1
4g
2(ν2η + ν
2
ρ)
g2ν2η
4
√
3
− g
2ν2ρ
4
√
3
− 16gg′ν2η − 13gν2ρg′ 0
g2ν2η
4
√
3
− g
2ν2ρ
4
√
3
1
12g
2ν2η +
1
12g
2ν2ρ +
1
3g
2ν2χ − gg
′ν2η
6
√
3
+
gν2ρg
′
3
√
3
+
gν2χg
′
3
√
3
0
− 16gg′ν2η − 13gν2ρg′ −
gg′ν2η
6
√
3
+
gν2ρg
′
3
√
3
+
gν2χg
′
3
√
3
1
9ν
2
η (g
′)2 + 49ν
2
ρ (g
′)2 + 19ν
2
χ (g
′)2 0
0 0 0 18g
2(ν2η + ν
2
χ)

(2.16)
After the diagonalization, the gauge bosons mass spectrum is summarized in Table (III)
Gauge Boson Square Mass
W± 1
4
g2(ν2η + νρ)
W ′± 1
4
g2(ν2χ + νρ)
γ 0
Z 1
9
(Ξ1 − Ξ2)
Z′ 1
9
(Ξ1 + Ξ2)
K0,K
0 g2
8
(
ν2χ + ν
2
η
)
Table III: Physical gauge bosons mass spectrum.
Ξ1 = 3g
2
(
ν2η + ν
2
ρ + ν
2
χ
)
+ (g′)2
(
ν2η + 4ν
2
ρ + ν
2
χ
)
Ξ2 =
√√√√√
(
3g2
(
ν2η + ν
2
ρ + ν
2
χ
)
+ (g′)2
(
ν2η + 4ν
2
ρ + ν
2
χ
))
2
−9g2
(
3g2 + 4 (g′)2
) (
ν2η
(
ν2ρ + ν
2
χ
)
+ ν2ρν
2
χ
)
with νη ' 173.948 GeV, νρ ' 173.948 GeV and νχ ' 10 TeV. Consequently, for these values we find that the heavy
gauge bosons are MW ′ ≈ 3.2 TeV, MZ′ ≈ 6.3 TeV. Notice that the obtained value of MZ′ ≈ 6.3 TeV is consistent
with the lower bound of 4 TeV on the Z ′ gauge boson mass imposed by the experimental data on the K, D and B
meson mixings [86].
In what follows we briefly comment about the LHC signals of a Z ′ gauge boson. The heavy Z ′ gauge boson is mainly
produced via Drell-Yan mechanism and its corresponding production cross section has been found to range from 85
6fb up to 10 fb for Z ′ gauge boson masses between 4 TeV and 5 TeV and LHC center of mass energy
√
S = 13 TeV
[92]. Such Z ′ gauge boson after being produced will decay into pair of SM particles, with dominant decay mode into
quark-antiquark pairs as shown in detail in Refs. [9, 93]. A comprehensive study of the two body decays of the Z ′
gauge boson in 3-3-1 models is performed in Refs. [93], where it has been shown that the branching ratios of the
of the Z ′ decays into a lepton pair are of the order of 10−2, thus yielding a total LHC cross section of about 1 fb
for the pp → Z ′ → l+l− resonant production at √S = 13 TeV and MZ′ = 4 TeV, which is below its corresponding
lower experimental bound resulting from LHC searches [94]. Finally, as pointed out in Ref. [92], at the proposed
energy upgrade of the LHC with
√
S = 28 TeV, the LHC production cross section for the pp→ Z ′ → l+l− resonant
production will be of the order of 10−2, at MZ′ = 4 TeV, which falls in the order of magnitude of its corresponding
experimental lower bound resulting from LHC searches.
C. The low energy scalar potential and scalar mass spectrum
The renormalizable low energy scalar potential of the model under consideration is given by:
V = −µ2χ(χ†χ)− µ2η(η†η)− µ2ρ(ρ†ρ) + f
(
ηiχjρkε
ijk +H.c.
)
+ λ1(χ
†χ)(χ†χ) + λ2(ρ†ρ)(ρ†ρ) + λ3(η†η)(η†η)
+λ4(χ
†χ)(ρ†ρ) + λ5(χ†χ)(η†η) + λ6(ρ†ρ)(η†η) + λ7(χ†η)(η†χ) + λ8(χ†ρ)(ρ†χ) + λ9(ρ†η)(η†ρ) (2.17)
where χ, ρ and η are the scalar triplets with VEVs in the third, second and first components, respectively. The
minimization equations of the low energy scalar potential yield the following relations:
µ2χ = −
fνηνρ√
2νχ
+
1
2
λ5ν
2
η +
1
2
λ4ν
2
ρ + λ1ν
2
χ (2.18)
µ2ρ = −
fνηνχ√
2νρ
+
1
2
λ6ν
2
η + λ2ν
2
ρ2 +
1
2
λ4ν
2
χ (2.19)
µ2η = −
fνρνχ√
2νη
+ λ3ν
2
η +
1
2
λ6ν
2
ρ +
1
2
λ5ν
2
χ (2.20)
Replacing these mass parameters in the Higgs potential, the neutral and charged mass spectrum can be obtained
doing the respective derivatives:
M2ΦiΦj =
∂2V
∂Φi∂Φj
∣∣∣∣
Φi=0
M2Φ∗iΦj =
∂2V
∂Φi∂Φj
∣∣∣∣
Φi=0
(2.21)
for the neutral scalar masses Φi = ξχ, ξρ, ξη, ζχ, ζη, ζρ, χ
0
1, η
0
3 and charged scalar masses Φi = η
±
2 , ρ
±
1 , χ
±
2 , ρ
±
3 respec-
tively. The scalar mass matrices are shown below:
M2ζζ =

fνηνρ√
2νχ
fνη√
2
fνρ√
2
fνη√
2
fνηνχ√
2νρ
fνχ√
2
fνρ√
2
fνχ√
2
fνρνχ√
2νη
 M2ξξ =

2λ1ν
2
χ +
fνηνρ√
2νχ
λ4νρνχ − fνη√2 λ5νηνχ −
fνρ√
2
λ4νρνχ − fνη√2 2λ2ν2ρ +
fνηνχ√
2νρ
λ6νηνρ − fνχ√2
λ5νηνχ − fνρ√2 λ6νηνρ −
fνχ√
2
2λ3ν
2
η +
fνρνχ√
2νη

M2χ01η03
=
 λ7ν2η + √2fνρνηνχ √2fνρ + λ7νηνχ√
2fνρ + λ7νηνχ λ7ν
2
χ +
√
2fνρνχ
νη
 M2
η±2 ρ
±
1
=
 λ9ν2ρ + √2fνχνρνη λ9νηνρ +√2fνχ
λ9νηνρ +
√
2fνχ λ9ν
2
η +
√
2fνχνη
νρ

M2
χ±2 ρ
±
3
=
 λ8ν2ρ + √2fνηνρνχ √2fνη + λ8νρνχ√
2fνη + λ8νρνχ λ8ν
2
χ +
√
2fνηνχ
νρ
 (2.22)
Finally, the scalar mass spectrum is summarized in Table IV where the physical mass spectrum is shown.
7Scalars Masses
G01 = −Sαζχ + Cαζη M2G01 = 0
A0 = Cβζρ + Sβζη MA0 =
f√
2
νχ
(
νρ
νη
+
νη
νρ
)
G02 = −Cγζχ + Sγζρ M2G02 = 0
H01 = ξχ M
2
H01
= λ1ν
2
χ
h0 = Cδξρ − Sδξη M2h0 = λ3ν2η + λ2ν2ρ
H02 = Sδξρ + Cδξη M
2
H02
=
fνχ√
2
(
ν2η+ν
2
ρ
νηνρ
)
G03 = −Cαχ01 + Sαη03 M2G03 = 0
H04 = Sαχ
0
1 + Cαη
0
3 M
2
H04
=
(
√
2fνρ+λ7νηνχ)(ν
2
η+ν
2
χ)
νηνχ
G±4 = −Cγχ±2 + Sγρ±3 M2G±4 = 0
H±5 = Sγχ
±
2 + Cγρ
±
3 M
2
H±5
=
(
√
2fνη+λ8νρνχ)(ν
2
ρ+ν
2
χ)
νρνχ
G±5 = −Cβη±2 + Sβρ±1 M2G±5 = 0
H±6 = Sβη
±
2 + Cβρ
±
1 M
2
H±6
=
(
√
2fνχ+λ9νηνρ)(ν
2
η+ν
2
ρ)
νηνρ
Table IV: Physical scalar mass spectrum.
∆1 = λ2ν
2
η + λ1ν
2
χ
∆2 =
√
λ23ν
2
ην
2
χ − 2λ1λ2ν2ην2χ + λ22ν4η + λ21ν4χ,
tan(α) =
νη
νχ
tan(β) =
νρ
νη
tan(γ) =
νρ
νχ
tan(δ) =
2
(
νηλ6νρ − fνχ√2
)
fνηνχ√
2νρ
− fνρνχ√
2νη
− 2ν2ηλ3 + 2λ2ν2ρ
The low energy physical scalar spectrum of our model is composed of the following fields: 2 CP-even Higgs bosons
(h01, H
0
1 ) and one neutral Higgs boson (H
0
2 ). The scalar h
0
1 is identified with the SM-like 125.09 GeV Higgs boson found
at the LHC. It’s noteworthy that the neutral Goldstone bosons G01, G
0
2, G
0
3 and G
0
3 are associated to the longitudinal
components of the Z, Z ′, K0 and K
0
. Furthermore, the charged Goldstone bosons G±1 and G
±
2 are associated to the
longitudinal components of the W± and W ′± gauge bosons respectively.
The 125 GeV mass value for the SM-like Higgs boson can be reproduced for the following benchmark point:
νχ ' 10TeV, νη ∼ νρ ' 174GeV, f ' 1000 GeV,
λ1 ' 0.016, λ2 ∼ λ3 ' 0.26, λ4 ∼ λ5 ∼ λ7 ' 1, λ6 ' 10, λ8 ' 0.01. (2.23)
where in this scenario, the trilinear parameter f has to be fixed at 1000 GeV to get MA0 ' 5318.3 GeV and
MH± ' 5503.95 GeV.
3. QUARK MASSES AND MIXINGS.
From the quark Yukawa interactions given by Eq. (2.5) we find that the SM mass matrices for quarks take the form:
MU =
v√
2
 c1λ8 0 a1λ40 b2λ4 0
0 0 a2
 , MD = v√
2
 g1λ7 g4λ6 00 g2λ5 2g2λ5
0 0 g3λ
3
 , (3.1)
where λ = 0.225 and v = 246 GeV. In order to get quark mixing angles and a CP violating phase consistent with the
experimental data, we assume that all dimensionless parameters given in Eqs. (3.1) are real, except for a1, taken to
be complex.
The exotic quark masses are:
mT = y
(T ) vχ√
2
, mJ1 = y
(J)
1
vχ√
2
=
y
(J)
1
y(T )
mT , mJ2 = y
(J)
2
vχ√
2
=
y
(J)
2
y(T )
mT . (3.2)
The experimental values of the physical quark mass spectrum [95, 96], mixing angles and Jarlskog invariant [97] are
consistent with their experimental data, as shown in Table (V), starting from the following benchmark point:
c1 ' 1.2525, |a1| ' 1.48406, arg (a1) ' 68◦, a2 ' 0.989375, b2 ' 1.41504,
g1 ' 0.579397, g2 ' 0.57, g3 ' 1.40209, g4 ' 0.583. (3.3)
8The result given in Eq. (3.3) motivates to consider the simplified benchmark scenario:
c1 ' 1.2525, |a1| ' 1.48406, arg (a1) ' 68◦, a2 ' 0.989375,
g1 ' g2 ' g4 ' 0.579397, b2 ' g3 ' 1.41504. (3.4)
Notice that a successful fit of the ten physical observables in the quark sector can be obtained in the above described
scenarios where the first (Eq. 3.3) and the second one (Eq. 3.4) only have 9 and 6 effective free parameters, respectively.
Thus, the symmetries of our model give rise to quark mass matrix textures that successfully explain the SM quark
mass spectrum and mixing parameters, with quark sector effective free parameters of order unity.
Observable Model value with (3.3) Model value with (3.4) Experimental value
mu(MeV ) 1.44999 1.44999 1.45
+0.56
−0.45
mc(MeV ) 635 635 635± 86
mt(GeV ) 172.101 172.101 172.1± 0.6± 0.9
md(MeV ) 2.89988 2.90313 2.9
+0.5
−0.4
ms(MeV ) 59.1145 60.021 57.7
+16.8
−15.7
mb(GeV ) 2.79418 2.82003 2.82
+0.09
−0.04
sin θ12 0.225402 0.220611 0.225
sin θ23 0.0412799 0.0415761 0.0412
sin θ13 0.00386484 0.0038648 0.00351
δ 68.021◦ 68.0198◦ 68◦
Table V: Model and experimental values of the quark masses and CKM parameters.
Finally to close this section we briefly comment about the LHC signatures of exotic T , J1 or J2 quarks in our model.
Such exotic quarks will mainly decay into a top quark and either neutral or charged scalar and can be pair produced
at the LHC via Drell-Yan and gluon fusion processes mediated by charged gauge bosons and gluons, respectively. A
detailed study of the collider phenomenology of the model is beyond the scope of this paper and is left for future
studies.
4. LEPTON MASSES AND MIXINGS.
From Eq. (2.6), and using the product rules of the S4 group given in Appendix (A) we find that the charged lepton
mass matrix is given by:
Ml =
v√
2
 f11λ9 f12λ5 f13λ3f21λ9 f22λ5 f23λ3
f31λ
9 f32λ
5 f33λ
3
 . (4.1)
Regarding the neutrino sector, from the Eq. (2.6), we find the following neutrino mass terms:
− L(ν)mass =
1
2
(
νCL νR NR
)
Mν
 νLνCR
NCR
+H.c, (4.2)
where the neutrino mass matrix is given by:
Mν =
 03×3 M1 M2MT1 03×3 M3
MT2 M
T
3 03×3
 , (4.3)
9and the submatrices are given by:
M1 =
hρvρvζ
2Λ
 0 a 0−a 0 b
0 −b 0
 , M2 = h(L)η vηvΣ√
6Λ
 x y −y−x ω2y −ωy
x ωy −ω2y
 ,
M3 = h
(L)
χ
vχvΣ√
6Λ
 r z −z−r ω2z −ωz
r ωz −ω2z
 , ω = e 2pii3 . (4.4)
The light active neutrino masses arise from a linear seesaw mechanism and the physical neutrino mass matrices are:
M (1)ν = −
[
M2M
−1
3 M
T
1 +M1
(
MT3
)−1
MT2
]
, (4.5)
M (2)ν = −
1
2
(
M3 +M
T
3
)− 1
2
[
MT1 M1
(
MT3
)−1
+ (M3)
−1
MT1 M1
]
, (4.6)
M (3)ν =
1
2
(
M3 +M
T
3
)
+
1
2
[
MT1 M1
(
MT3
)−1
+ (M3)
−1
MT1 M1
]
, (4.7)
where M
(1)
ν corresponds to the active neutrino mass matrix whereas M
(2)
ν and M
(3)
ν are the sterile neutrino mass
matrices. The physical neutrino spectrum is composed of 3 light active neutrinos and 6 nearly degenerate sterile exotic
pseudo-Dirac neutrinos. Furthermore, from Eqs. (2.6) and (2.8) and considering vχ ∼ O(10) TeV, vη ∼ vρ ∼ O(100)
GeV and the Yukawa couplings of order unity, we find that the light active neutrino mass scale ∼ 50 meV is estimated
as mν ∼ vηvρvζvχΛ ∼
vηvρ
Λ , which implies for the model cutoff the estimate Λ ∼ O(1016) GeV.
The sterile neutrinos can be produced in pairs at the LHC, via quark-antiquark annihilation mediated by a heavy
Z ′ gauge boson. They can decay into SM particles giving rise to a SM charged lepton and a W gauge boson in the
final state. Thus, observing an excess of events with respect to the SM background in the opposite sign dileptons
final states can be a signal in support of this model at the LHC. Studies of inverse seesaw neutrino signatures at the
colliders as well as the production of heavy neutrinos at the LHC are carried out in Refs. [98–112]. A detailed study
of the implications of our model at colliders goes beyond the scope of this paper and is deferred for a future work.
The light active neutrino mass matrix is given by:
M (1)ν =
 2A B − 2A A−BB − 2A 2(A−B) 2B −A
A−B 2B −A −2B
 , (4.8)
and the light active neutrino masses are:
m1 = 0, (4.9)
m2 =
√
(10A− 7B)A∗ + (10B − 7A)B∗ − 4
√
3
√
(A−B) (A∗ −B∗) ((2A−B)A∗ − (A− 2B)B∗), (4.10)
m3 =
√
(10A− 7B)A∗ + (10B − 7A)B∗ + 4
√
3
√
(A−B) (A∗ −B∗) ((2A−B)A∗ − (A− 2B)B∗). (4.11)
then, the best fit results adjusting these parameters are:
|A| ' 0.0131338eV, arg (A) ' 45◦,
|B| ' 0.0028061eV, arg (B) ' 45◦.
The corresponding PMNS leptonic mixing matrix is defined as U = R†lRν , and from the standard parametrization of
U , it follows that the lepton mixing parameters are given by:
sin2(θ13) = |U13|2, sin2(θ12) = |U12|
2
1− |U13|2 , sin
2(θ23) =
|U23|2
1− |U13|2 .
It is worth mentioning that due to the complexity of the expression for the PMNS matrix, the analytic form cannot
be shown.
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Furthermore, the Jarlskog invariant JCP is determined from the relation:
JCP = Im(U
∗
11U
∗
23U13U21) (4.12)
whereas the leptonic Dirac CP violating phase δCP can be extracted from the equivalent definition of JCP [113] in
the standard parametrization
JCP =
1
8
sin(2θ12) sin(2θ23) sin(2θ13) cos(θ13)δCP (4.13)
The charged lepton masses, leptonic mixing parameters and CP-phase can be very well reproduced for the scenario
of normal neutrino mass ordering in terms of natural parameters of order one, as shown in Table VI, starting from
the following benchmark point:
|f11| ' 1.4634, arg (f11) ' −82.41◦, |f12| ' 0.4893, arg (f12) ' 135.146◦, |f13| ' 0.3698, arg (f13) ' 53.5383◦,
|f21| ' 1.0, arg (f21) ' 80.9978◦, |f22| ' 0.6153, arg (f22) ' 80.9978◦, |f23| ' 0.5303, arg (f23) ' 80.9978◦,
|f31| ' 0.668, arg (f31) ' 99.0022◦, |f32| ' 0.6574, arg (f32) ' −164.714◦, |f33| ' 0.6017, arg (f33) ' −11.618◦,
As indicated by Table VI, our model is consistent with the experimental data on lepton masses and mixings. Notice
that the ranges for the experimental values in Table (VI) were taken from [114] for the case of normal hierarchy. Note
that we only consider the case of normal hierarchy since it is favored over more than 3σ than the inverted neutrino
mass ordering.
Observable Model Value
Experimental value
1σ range 2σ range 3σ range
me [MeV] 0.487 0.487 0.487 0.487
mµ [MeV] 102.8 102.8± 0.0003 102.8± 0.0006 102.8± 0.0009
mτ [GeV] 1.75 1.75± 0.0003 1.75± 0.0006 1.75± 0.0009
∆m221 [10
−5 eV 2] 7.54999 7.55+0.20−0.16 7.20− 7.94 7.05− 8.14
∆m231 [10
−3 eV 2] 2.50 2.50± 0.03 2.44− 2.57 2.41− 2.60
sin2(θ12)/10
−1 3.20664 3.20+0.20−0.16 2.89− 3.59 2.73− 3.79
sin2(θ23)/10
−1 4.82618 5.47+0.20−0.30 4.67− 5.83 4.45− 5.99
sin2(θ13)/10
−2 2.1773 2.160+0.083−0.069 2.03− 2.34 1.96− 2.41
δCP 161.327
◦ 218+38
◦
−27◦ 182
◦ − 315◦ 157◦ − 349◦
Table VI: Model values are the best fit results for the neutrino mass
squared differences, mixing angles and the CP-violating phase for the
case of normal hierarchy.
5. HIGGS DIPHOTON DECAY RATE CONSTRAINTS.
The explicit form of the h→ γγ decay rate is [115–122]
Γ(h→ γγ) = α
2
emm
3
h
256pi3v2
∣∣∣∣∑
f
ahffNCQ
2
fF1/2(ρf ) + ahWWF1(ρW ) + ahW ′W ′F1(ρW ′) +
λhH±H∓v
2m2H±
F0(ρH±)
∣∣∣∣2 (5.1)
where
ahWW = sin(β − α) (5.2)
ahW ′W ′ = cosα sin γ (5.3)
ahtt =
cosα
sinβ
(5.4)
λhH±H± = 2
(−λ5 sin(α) sin2(γ)νη + λ6(− sin(α)) cos2(γ)νη + cos(α) (νρ (5.5)
+
(
(λ4 + λ8) sin
2(γ) + 2λ2 cos
2(γ)
)
+ λ8 sin(γ) cos(γ)νχ
))
(5.6)
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Here ρi are the mass ratios ρi =
m2h
4M2i
with Mi = mf ,MW ,MW ′ ; αem is the fine structure constant; NC is the color
factor (NC = 1 for leptons and NC = 3 for quarks); and Qf is the electric charge of the fermion in the loop. From
the fermion-loop contributions we consider only the dominant top quark term.
The dimensionless loop factor F1/2(ρ) and F1(ρ) (for spin-1/2 and spin-1 particles in the loop, respectively are:
F1/2(ρ) = 2(ρ+ (ρ− 1)f(ρ))ρ−2 (5.7)
F1(ρ) = −2(2ρ2 + 3ρ+ 3(2ρ− 1)f(ρ))ρ−2 (5.8)
F0 = −(ρ− f(ρ))ρ−2 (5.9)
with
f(ρ) =

arcsin2
√
2 for ρ ≤ 1
− 14
(
ln
(
1+
√
1−ρ−1
1−
√
1−ρ−1−ipi
)2)
for ρ > 1
(5.10)
In what follows we determine the constraints that the Higgs diphoton signal strength imposes on our model. To this
end, we introduce the ratio Rγγ , which normalizes the γγ signal predicted by our model relative to that of the SM:
Rγγ =
σ(pp→ h)Γ(h→ γγ)
σ(pp→ h)SMΓ(h→ γγ)SM ' a
2
htt
Γ(h→ γγ)
Γ(h→ γγ)SM (5.11)
The normalization given by (5.11) for h→ γγ was also used in [76, 120, 123–128].
The ratio Rγγ has been measured by CMS and ATLAS collaborations with the best fit signals [129, 130]:
RCMSγγ = 1.14
+0.26
−0.23 and R
ATLAS
γγ = 1.17± 0.27 (5.12)
With the best fit results shown in Table VII the Rγγ parameter has been calculated as:
Rγγ = 1.0267 (5.13)
Consequently, our model successfully accommodates the current Higgs diphoton decay rate constraints.
Parameters Model value
Mh0 125.09 GeV
MH0 5319.77 GeV
MA0 5318.3 GeV
MH± 5503.95 GeV
ahW−W+ 1.0
ahW ′W ′ 0.0122981
ahtt 1.0
λhH±H± 2525.45 GeV
Table VII: Parameters with νη = 173.948 GeV, νρ = 173.948 GeV and νχ = 10 TeV.
Correlations plots have been obtained to observe the behavior of the Rγγ parameter as function of scalar masses and
W ′ gauge boson mass. They are shown in Figure 1.
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(a) Correlation plot of the Rγγ parameter and the
CP-odd Higgs mass.
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(b) Correlation plot of the Rγγ parameter and the
charged Higgs mass.
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(c) Correlation plot of the Rγγ parameter and the W
′ gauge boson mass.
Figure 1: Correlations plots of the different Higgs boson masses, the Rγγ parameter.
These plots were generated using random points in a space in the neighborhood of the best fit values for f , vχ and
λ8. Figure 1a shows that the parameter Rγγ is strongly restricted by the CP-odd Higgs mass MA0 , since the range of
allowed values for Rγγ decreases when the CP odd scalar mass MA0 is increased. The Higgs diphoton signal strength
Rγγ features a similar behavior with the charged scalar mass MH± , as indicated by Figure 1b. Notice that despite the
CP odd neutral scalar A0 does not contribute to the Higgs diphoton decay rate, the Higgs diphoton signal strength
indirectly depends on MA0 since the parameters α, γ and λhH±H± (that enter in the Higgs diphoton decay rate) as
well as the CP-odd Higgs mass MA0 are functions of vχ. In addition, we have found that the Higgs diphoton signal
strength decreases when the W ′ mass is increased, approaching to 1 when MW ′ & 10 TeV, as indicated by Figure 1c.
Furthermore, Figures 1a, 1b and 1c show that our model favors values for the Higgs diphoton decay rate larger than
the SM expectation. In addition, Figure 2 shows that the Higgs diphoton decay rate constraints are fulfilled when
MH± & MW ′ . Finally, our obtained results for the Higgs diphoton signal strength indicate that the Higgs diphoton
decay is a smoking gun signature of our model, whose more precise measurement will be crucial to assess its viability.
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Figure 2: Correlation plot of the CP-odd Higgs mass and the charged Higgs mass.
6. HEAVY SCALAR PRODUCTION AT PROTON-PROTON COLLIDER
In this section we discuss the singly heavy scalar H1 production at proton-proton collider. It is worth mentioning
that the production mechanism at the LHC of the heavy scalar H1 is via gluon fusion, which is a one loop process
mediated by the heavy exotic T , J1 and J2 quarks. Consequently, the total H1 production cross section in proton
proton collisions with center of mass energy
√
S is given by:
σpp→gg→H1 (S) =
α2Sm
2
H1
64piv2χS
[
I
(
m2H1
m2T
)
+ I
(
m2H1
m2J1
)
+ I
(
m2H1
m2J2
)]
×
∫ − ln√m2H1S
ln
√
m2
H1
S
fp/g
√m2H1
S
ey, µ2
 fp/g
√m2H1
S
e−y, µ2
 dy (6.1)
where fp/g
(
x1, µ
2
)
and fp/g
(
x2, µ
2
)
are the distributions of gluons in the proton which carry momentum fractions
x1 and x2 of the proton, respectively. Furthermore µ = mH1 is the factorization scale and I(z) is given by:
I(z) =
∫ 1
0
dx
∫ 1−x
0
dy
1− 4xy
1− zxy (6.2)
14
10000 11000 12000 13000 14000 15000
0.05
0.10
0.15
0.20
0.25
vχ[GeV]
σ(
p
p
→
H
1
)[
fb
]
Figure 3: Total cross section for the H1 production via gluon fusion mechanism at the LHC for
√
S = 13 TeV and as
a function of the SU(3)L × U(1)X symmetry breaking scale vχ for the scenario described in Eq. (2.23).
Figure 3 displays the H1 total production cross section at the LHC via gluon fusion mechanism for
√
S = 13 TeV, as
a function of the SU(3)L × U(1)X symmetry breaking scale vχ, which is taken to range from 10 TeV up to 15 TeV,
which corresponds to a heavy scalar mass mH1 varying between 1.3 TeV and 1.9 TeV. In addition, the exotic quark
Yukawa couplings have been taken equal to unity and the scenario described by Eq. (2.23) has been considered in
our numerical analysis, Notice that the SU(3)L×U(1)X symmetry breaking scale has been taken larger than 10 TeV,
which corresponds to a Z ′ gauge boson heavier than 4 TeV, in order to comply with the experimental data on K, D
and B meson mixings [86]. For such region of H1 masses, we find that the total production cross section is found to
be 0.28− 0.02 fb. However, at the proposed energy upgrade of the LHC with √S = 28 TeV, the H1 production cross
section is enlarged, reaching values of 2.9−0.4 fb in the same mass region as indicated by Figure 4. Such small values
for the H1 production cross section at a proton-proton collider with
√
S = 13 TeV and
√
S = 28 TeV are small to
give rise to a signal for the relevant region of parameter space. However at a
√
S = 100 TeV proton-proton collider,
there is a significant enhancement of the H1 production cross section, which takes values of 51− 10 fb for 1.3 TeV .
mH1 . 1.9 TeV, as shown in Figure 5. Finally, it is worth mentioning that one can safely assume that the heavy H1
scalar after being produced will mainly decay into a pair of SM Higgs bosons, since it is the lightest non SM scalar, as
follows from Eq. (2.23) and Table IV. Consequently, an enhancement of the SM Higgs pair production with respect
to the SM expectation, will be a smoking gun signature of this model, whose observation will be crucial to assess its
viability.
15
10000 11000 12000 13000 14000 15000
0.5
1.0
1.5
2.0
2.5
3.0
vχ[GeV]
σ(
p
p
→
H
1
)[
fb
]
Figure 4: Total cross section for the H1 production via gluon fusion mechanism at the proposed energy upgrade of the
LHC with
√
S = 28 TeV as a function of the SU(3)L ×U(1)X symmetry breaking scale vχ for the scenario described
in Eq. (2.23).
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Figure 5: Total cross section for the H1 production via gluon fusion mechanism at a
√
S = 100 TeV proton-proton
collider as a function of the SU(3)L × U(1)X symmetry breaking scale vχ for the scenario described in Eq. (2.23).
7. CONCLUSIONS
We have constructed a multiscalar singlet extension of the 3-3-1 model with three right handed Majorana neutrinos,
consistent with the observed SM fermion mass and mixing pattern. The model incorporates the S4 family symmetry,
which is combined with other auxiliary symmetries, thus allowing a viable description of the current SM fermion mass
and mixing pattern, which is generated by the spontaneous breaking of the discrete group. The small masses of the
light active neutrinos are produced by a linear linear seesaw mechanism mediated by three Majorana neutrinos. The
model provides a successful fit of the physical observables of both quark and lepton sectors. Our model is predictive
in the SM quark sector, since it only has 9 effective parameters that allow a successful fit of its 10 observables, i.e.,
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the 6 SM quark masses, the 3 quark mixing parameters and the CP violating phase. In addition, we have found
that the SM quark sector of our model has a particular scenario, which is inspired by naturalness arguments and has
only 6 effective parameters that allows to successfully reproduce the experimental values of the ten SM quark sector
observables. Furthermore, we have also shown that the proposed model successfully accommodates the current Higgs
diphoton decay rate constraints provided that the charged Higgs bosons are a bit heavier, than the W ′ gauge bosons.
In addition, we have found that it favors a Higgs diphoton decay rate larger than the SM expectation. Finally, we
have also discussed the single production of the heavy scalar H1 associated with the spontaneous breaking of the
SU(3)C × U(1)X symmetry, at a proton-proton collider, via gluon fusion mechanism. We have considered the cases
where the center of mass energy takes the values of
√
S = 13 TeV,
√
S = 28 TeV and
√
S = 100 TeV. For the first
two cases corresponding to the current LHC center of mass energy and the proposed energy upgrade of the LHC,
respectively, we have found the H1 production cross sections are small to give rise to a signal for the relevant region
of parameter space. However, in a future
√
S = 100 TeV proton-proton collider, the H1 production cross section is
significantly enhanced reaching values between 51 fb and 10 fb, for the mass range 1.3 TeV . mH1. 1.9 TeV.
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Appendix A: The S4 discrete group
The S4 is the smallest non abelian group having doublet, triplet and singlet irreducible representations. S4 is the
group of permutations of four objects, which includes five irreducible representations, i.e., 1,1′,2,3,3′ fulfilling the
following tensor product rules [131]
3⊗ 3 = 1⊕ 2⊕ 3⊕ 3′, 3′ ⊗ 3′ = 1⊕ 2⊕ 3⊕ 3′, 3⊗ 3′ = 1′ ⊕ 2⊕ 3⊕ 3′, (A.1)
2⊗ 2 = 1⊕ 1′ ⊕ 2, 2⊗ 3 = 3⊕ 3′, 2⊗ 3′ = 3′ ⊕ 3, (A.2)
3⊗ 1′ = 3′, 3′ ⊗ 1′ = 3, 2⊗ 1′ = 2. (A.3)
Explicitly, the basis used in this paper corresponds to Ref. [131] and results in
(A)3 × (B)3 = (A ·B)1 +
(
A · Σ ·B
A · Σ∗ ·B
)
2
+
 {AyBz}{AzBx}
{AxBy}

3
+
 [AyBz][AzBx]
[AxBy]

3′
, (A.4)
(A)3′ × (B)3′ = (A ·B)1 +
(
A · Σ ·B
A · Σ∗ ·B
)
2
+
 {AyBz}{AzBx}
{AxBy}

3
+
 [AyBz][AzBx]
[AxBy]

3′
, (A.5)
(A)3 × (B)3′ = (A ·B)1′ +
(
A · Σ ·B
−A · Σ∗ ·B
)
2
+
 {AyBz}{AzBx}
{AxBy}

3′
+
 [AyBz][AzBx]
[AxBy]

3
, (A.6)
(A)2 × (B)2 = {AxBy}1 + [AxBy]1′ +
(
AyBy
AxBx
)
2
, (A.7)
(
Ax
Ay
)
2
×
 BxBy
Bz

3
=
 (Ax +Ay)Bx(ω2Ax + ωAy)By
(ωAx + ω
2Ay)Bz

3
+
 (Ax −Ay)Bx(ω2Ax − ωAy)By
(ωAx − ω2Ay)Bz

3′
, (A.8)
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(
Ax
Ay
)
2
×
 BxBy
Bz

3′
=
 (Ax +Ay)Bx(ω2Ax + ωAy)By
(ωAx + ω
2Ay)Bz

3′
+
 (Ax −Ay)Bx(ω2Ax − ωAy)By
(ωAx − ω2Ay)Bz

3
, (A.9)
with
A ·B = AxBx +AyBy +AzBz,
{AxBy} = AxBy +AyBx,
[AxBy] = AxBy −AyBx,
A · Σ ·B = AxBx + ωAyBy + ω2AzBz,
A · Σ∗ ·B = AxBx + ω2AyBy + ωAzBz, (A.10)
where ω = e2pii/3 is a complex square root of unity.
Appendix B: The scalar potential for a S4 doublet
The scalar potential for a S4 doublet ∆ is given by:
V =− µ∆(∆∆∗)1 + κ1(∆∆∗)1(∆∆∗)1 + κ2(∆∆∗)1’(∆∆∗)1’ + κ3(∆∆∗)2(∆∆∗)2 + h.c. (B.1)
This scalar potential has six free parameters: one bilinear and four quarti couplings. The µ∆ parameter can be written
as a function of the other five parameters by the scalar potential minimization condition:
∂〈V (∆)〉
∂ν∆
=16κ1ν
4
∆ + 8κ3ν
4
∆ − µ2∆ν2∆ (B.2)
=0 (B.3)
Solving the leading equation for µ2∆:
µ2∆ = 16(2κ1 + κ3)
2ν4∆ (B.4)
This result indicates that the VEV pattern of the S4 doublet ∆ in (2.7) is consistent with a global minimum of
the scalar potential (B.1) of this model for a large region of parameter space. The previously described procedure
can be used to show that the VEV patterns of the remaining S4 doublets of the model are also consistent with the
minimization conditions of the scalar potential.
Appendix C: The scalar potential for a S4 triplet
The scalar potential for a S4 triplet Φ takes the form:
V =− µφ(ΦΦ∗)1 + κ1(ΦΦ∗)1(ΦΦ∗)1 + κ2(ΦΦ∗)3(ΦΦ∗)3 + κ3(ΦΦ∗)3‘(ΦΦ∗)3‘ + κ4(ΦΦ∗)2(ΦΦ∗)2 + h.c. (C.1)
This scalar potential has six free parameters: one bilinear and four quartic couplings. The µρ parameter can be
written as a function of the other four parameters by the scalar potential minimization condition:
∂〈V (Φ)〉
∂νφ
=36κ1ν
3
φ + 48κ2ν
3
φ + 4κ4
(
2e
2ipi
3 νφ + 2e
− 2ipi3 νφ + 2νφ
)(
e
2ipi
3 ν2φ + e
− 2ipi3 ν2φ + ν
2
φ
)
− 6µφνφ (C.2)
= 0 (C.3)
Here we consider the phase ω = e2pii/3 in the multiplications rules for tensor product of the scalar triplets of S4.
Solving the leading equation for µ2φ:
µ2φ = 4 (3κ1 + 4κ2)
2ν4φ (C.4)
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This result indicates that the VEV pattern of the S4 triplet ρ in (2.7) is consistent with a global minimum of the
scalar potential (C.1) of this model for a large region of parameter space. Following the same procedure previously
described, one can also show that the VEV patterns of the remaining S4 triplets of the model are also consistent with
the minimization conditions of the scalar potential.
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